We calculated the absorption probability of photons radiated from the surface of the Sun by a left-handed neutrino with definite mass and a typical momentum for which we choose |p 1 | = 0.2 MeV, producing a heavier right-handed antineutrino. We obtain the absorption probability P abs. = 1.27 × 10 −50 and the absorption range R abs. = 0.89 ×10 4 R ⊙ = 41.4 au, using a neutrino mass difference of 50 meV and associated transition dipole moments.
The purpose of this letter is to determine the absorption probability of photons radiated from the surface of the Sun by a left-handed neutrino with definite mass, which produces a heavier right-handed antineutrino. To reach that goal we start with the geometrical and thermal properties of the surface radiation of the Sun to determine the photon flux. The elementary absorption cross section involves transition electric and magnetic dipole moments of neutrinos taken to be Majorana particles, in a minimal extension of the Standard Model to account for neutrino mass and mixing [1, 2] . The electromagnetic transition dipole moments are to be evaluated on the appropriate mass shells for the neutrino-antineutrino transition. As such they are by definition gauge invariant and must be formed generally combining vertex and propagator Green functions [3] .
To be definite we consider the absorption cross section of a photon inducing an electromagnetic dipole transition from the initial definite mass eigenstate ν L,1 (p 1 ), with mass m ν L ,1 = m 1 , with left-handed helicity, thus denoted neutrino, to a right-handed mass eigenstate ν R,2 (p 2 ) with mass m ν R ,2 = m 2 , denoted antineutrino. The kinematics of the dipole transition is then the following
To simplify this kinematics we will set m 1 = 0 throughout. The absorbing neutrino (ν L,1 ) is taken to emerge from the centre of the Sun, defining the radial direction as shown in Fig. 1 , from which we obtain the integral flux in the solar rest frame at the time when the neutrino ν L,1 (p 1 ) is at a distance d from the surface of the Sun:
where
The above flux represents the Planckian surface radiation of the Sun with temperature T and occupation number n k (T ) = (e k/T −1) −1 . The differential flux multiplied by the absorption cross section σ yields the absorption rate per unit time
where P represents the survival probability of the initial neutrino ν L,1 (p 1 ). For c = 1 we have t = d, starting the clock (t = 0) when the neutrino ν L,1 (p 1 ) crosses the surface. The integral survival probability P ∞ is thus given by
where P abs. is the total probability for the absorption of photons. Next we define the absorption probability within a distance d as
since it turns out, as expected, that
The absorption cross section σ is given by
with ∆m
Because of the purely left-handed neutrino emitted by the Sun there appears no spin average over neutrino helicities, contrary to photon polarizations.
The neutrino dipole moment µ 12 , is determined from the Standard Model photon-neutrino vertex Γ µ γνν (eff) [4, 5, 6, 7, 8, 9, 10, 11, 12] . Such effective vertex is generated through loops, the so-called "neutrino-penguin" diagrams, and the (anti)neutrino propagator [3] . They are complex antisymmetric quantities in lepton-flavour space. The magnetic moment µ ik describing the transition from the neutrino mass eigenstate-flavour ν i to ν k has the following form [2, 3, 4] 1 :
with m ch. = (m e m µ m τ ) 1/3 and |V
GeV represents the vacuum expectation value of the scalar Higgs field [4] . The quantities V jr ik incorporate the neutrinoflavour mixing matrix and are given by:
where there is no sum over repeated indices. The matrix u ℓi is the neutrino mixing matrix governing the decomposition of a coherently produced left-handed neutrino ν L,ℓ associated with chargedlepton-flavour ℓ = e, µ, τ into the mass eigenstates ν L,i :
The absorption rate per unit time in the solar rest system at a given distance d from the Sun's surface is
In Eq. (10) the factor sin Θ cos(θ + Θ)/sin θ(a cos Θ − 1) is equal 1 as a consequence of the geometry described in Fig. 1 .
We proceed to numerical evaluations using the following standards: for the dipole moment we choose [13] 
where |μ 12 | ≃ O(1), which we replace by 1 hereafter. The remaining factor in Eq. (11) is our standard dipole moment:
From Eqs. (6), (11) and (12), we obtain the standardized form of the absorption cross section:
where σ red. represents the reduced cross section and X is the following dimensionless quantity
The reduced cross section σ red. leads to the following reduced dimensionless absorption rate Γ 12 red.
The integral
determines the absorption probability defined in Eq. (5) within a distance d from the solar surface
We choose p 1 = 0.2 MeV for the momentum of the solar neutrino emerging from the solar interior through the surface [9] , yielding the oscillation length L 12 of neutrinos ν 1 ←→ ν 2 : The solar activity is characterized by the surface temperature T ⊙ for which we take 0.5 eV = 5802.5 K. We note that a significant contribution to the absorption probability comes from wavelengths of the solar radiation comparable to the oscillation length L 12 . These long wavelengths constitute the Rayleigh-Jeans tail of the Planckian spectrum. For the standards defined above we present the function f (A) in Fig. 2 , where the enlarged scale figure is displayed separately up to ≃ 1 au. The radius of the Sun given in different units is:
The astronomical unit (Sun-Earth distance) corresponds to au = 499.005 s, which means that A Earth = au/R ⊙ = 214.9. The total absorption probability becomes
The analytic structure of the function f (A) gives rise to a characteristic range of solar activity in the absorption process, independently of the small absorption probability. This absorption range R abs. is 
which corresponds to a distance of 2 astronomical units beyond the semimajor axis of the orbit of Pluto. This range is clearly visible in Fig. 2 near A = 10 4 in the approach of the function f (A) to its asymptotic value f (∞) = 20418.8.
One consequence of our work is that a sizeable absorption probability would demand an increase of solar luminosity by 50 orders of magnitude. Nevertheless, given the very small probability, the range of the absorption process, for the standard values adopted here, turns out to be 41.4 au, which is slightly larger than the distance from the Sun to Pluto.
